Abstract 1) In the encephale isole cat preparation the surface of precruciate cortex was electrically stimulated. Intracellular responses underneath the stimulated site were recorded to assess the vertical spread of activities across the cortical layers. 2) To the epicortical stimulation (EPICS) with intensity adjusted to evoke a pure negative wave in the direct cortical response (DCR), only some neurons in relatively superficial layers responded with excitatory postsynaptic potentials (EPSPs). 3) Stimuli intensified to evoke both the negative and subsequent positive waves in DCR produced in all tested cells either EPSPs, inhibitory postsynaptic potentials (IPSPs), or both. Direct or axonal antidromic excitation of the cell was observed only infrequently. 4) Cells with EPSPs distributed through all the layers with two peak populations in laminae II and V-VI. Those with IPSPs were located mainly in the upper half of lamina III with a few in more superficial as well as in deeper layers. Both EPSPs and IPSPs showed mono-or oligosynaptic latencies (0.6-10 msec) that tended to become longer in deep than in superficial layers. 5) Some deep layer cells including fast and slow pyramidal tract cells showed slowly rising monosynaptic EPSPs of dendritic origin. 6) Further late responses consisted of EPSPs, IPSPs, disfacilitation (DF), and disinhibition (DI). DF or DI occurred in some deep layer cells. 7) Two modes of vertical spread of activities were postulated : one the cascade transmissions which increased response repertoire toward the depths, and the other the electrotonic spread of EPSPs along dendrites.
tensive anatomical and physiological analyses. One of the most fundamental physiological approaches first advanced was to stimulate the pial surface of the cerebral cortex and to record electrical activities from the nearby local neuronal elements. The component waves of direct cortical response (DCR) were extensively investigated (cf. ADRIAN, 1936; ROSENBLUETH and CANNON, 1942; BURNS, 1950; CHANG, 1951; OCHS,1956; PURPURA and GRUNDFEST; BROOKS and ENGER, 1959; SUZUKI and OCHS, 1964; OCHS and SUZUKI, 1965) . Attempts were also made to identify the responses of single neurons (BURNS and GRAFSTEIN, 1952; LI and CHOU, 1962; SUGAYA et al., 1964; CREUTZFELDT et al., 1966; ROSENTHAL et al., 1967; PHILLIS and OCHS, 1971; ARIKUNI and OCHS, 1973; RONNER et al., 1980) . By adopting the epicortical stimulation (EPICS), the present study aims to analyze the neuronal network in the cat motor cortex on the basis of the intracellular responses recorded from all the cortical layer neurons. The experiments were conducted under unanesthetized conditions using the encephale isole preparations in order to extend analysis onto functionally active neuronal connections within the cortex.
First, neuronal responses were recorded just underneath the stimulated cortex to examine what EPICS produced and how these responses were transmitted across the cortical layers. EPICS would induce a vertical spread of excitation and inhibition via the neuronal relays from the superficial to deep layers. This vertical activity spread will be dealt with in this paper.
Second, the neuronal responses were also recorded 1-6.5 mm apart from the stimulated cortex. By varying the distance of EPICS, a lateral or tangential spread of excitation and inhibition was examined. The lateral activity spread possibly conveyed via tangentially running axons in certain cortical layers will be elucidated in a subsequent paper (EZURE and OSHIMA, 1985a) .
Third, a functional aspect of the cortical network was studied by comparing the neuronal responses to EPICS with those during physiologically occurring electroencephalograph (EEG) arousal and slow wave patterns. Vertically directed transmissions from the superficial to deep layers have been postulated to play a leading role in initiating phasic EEG arousal (INUBUSHI et al., 1978a, b; EZURE and OSHIMA, 1981 c) , whereas horizontal activity spread has not been examined during EEG arousal (EZURE and OSHIMA, 1981 c) . These two modes of activity spread could be tested to determine whether the neuronal responses to EPICS are identical with those in the phasic arousal state (OSHIMA, 1984) . The third paper (EZURE and OSHIMA, 1985b) will report the results of this comparative study.
Fourth, another comparative study was made by investigating neuronal responses to stimulation of the cerebral peduncle and the nucleus ventralis lateralis of the thalamus. By this means the intracortical vertical spread of activities brought about from the recurrent and thalamic afferent pathways were compared with that elicited by EPICS in one and the same cell populations. The results will be summarized in a final paper (EZURE and OsHIMA, 1985c) .
Expected outcome of the present series of studies is twofold. One is to describe the neuronal events in all the motor cortical layers in terms of the intracortical organization in processing various afferent inputs. The other is to identify the response repertoire of cortical neurons revealed by means of the stimulation technique in its functional state such as EEG arousal.
A part of the results in this paper has been briefly reported previously (OsHIMA et al., 1979; OSHIMA and EZURE,1984) .
METHODS
The encephale isole preparation was made from 92 cats weighing 2.3-4.2 kg. As previously described (INUBUsHI et a!., 1978a) , the surgery was performed under ether anesthesia. The preparation was immobilized afterwards, had all wounds infiltrated with procaine, and was carefully maintained under artificial respiration in a sound-attenuated and electrically shielded room. The head of the animal was fixed atraumatically on the semi-chronic stereotaxic frame (Narishige SN-3, SA-8) by two metal bars that were anchored to the skull. As pointed out earlier (INUBUsHI et al., 1978a) , general care was important to maintain the preparation in a sound condition. No signs of discomfort of the animal or disturbance on the electrocorticogram (ECoG) were observed during the experiments, in which a spontaneous alternation of sleep and waking patterns occurred.
Electrodes for EPICS consisted of a closely attached pair of enamel-coated and chlorided silver wires, or a monopolar cathode of silver wire or steel needle with an anode electrode attached to the nearby cut edge of the skull or stereotaxic frame. Stimulation by these electrodes of bi-or monopolar types yielded similar neuronal responses with the stimulus intensities used in the present study. The electrodes were set on the pial surface of the precruciate gyrus in the region 4-10 mm lateral to the midline of the skull and 1-4 mm rostral to the cruciate sulcus (mainly area 4r). The monopolar Ag-AgCI electrode for recording ECoG and DCR was placed in the precruciate area within 0.4 mm from the stimulating electrodes. A glass microelectrode was set perpendicularly to the surface of the cortex within 0.4 mm from the ECoG recording and EPICS electrodes. The microelectrode was filled with 2 M KCH3SO4 solution, and those with electrical resistances of 30-80 MSS were selected for the intracellular recording. After setting all the recording and stimulating electrodes, the cortex was covered with wax as described previously (INUBUsHI et al., 1978a) .
Constant voltage pulses with duration of 0.1 msec were derived from the isolated stimulators; the current of stimuli was measured by a voltage drop across a 100 Q resistor inserted in the stimulating circuit. The stimulating negative pulse was combined with smaller positive pulse in close sequence to reduce the stimulus artifact in the records of DCR and intracellular responses (ASANUMA and ROSEN,1973) . The repetition rate of EPICS was adjusted with a long interval of 1-4 sec to avoid developing any abnormal cortical discharges.
Pulse stimuli were applied to the cerebral peduncle through the paired steel electrodes to examine the antidromic or transsynaptic recurrent responses (cf. EZURE and OSHIMA, 1985c) .
Intracellular responses and ECoG were monitored on the screen of a storagetype oscillograph (Tektronics 5113) and on a mingograph (Nihon Kohden Polygraph system) with the aid of transient memory devices (Nihon Kohden VC-10; Kawasaki Electronica TM-1520 and HR-1200). These potentials were fed into a data recorder (Sony-Tektronics NFR-3915) for later analysis. Traces of potential records (Figs. 1, 2 , 4, 9, 10, 13) were reproduced on an X -Y recorder (Watanabe WX4401) through the memory devices or signal averagers (Nihon Kohden DAT-1100; Digitimer NL-750 and PDP-11). Care was taken to select the frequency characteristics of potential reproduction in a sufficiently wide range (INUBUSHI et al., 1978a) .
At the end of each tracking the microelectrode was inserted about 2 mm deep. Its tip was cut off near the cortical surface, marked with china ink, and left in situ. After the experiment the animal was sacrificed with an overdose of pentobarbitone sodium. Brain tissues were perfused with 10 % buffered formalin for histological studies. All the microelectrode trackings were examined on the frozen tissue sections cut para-sagittally by a blade adjusted perpendicularly to the cortical surface, and stained by the Kli ver-Barrera method. When the vertical direction of microelectrode tracking was verified within the error of 10°, the location of recorded cells was determined by the depth reading on an electronic micromanipulator (Narishige ME-71, cf. INUBUSHI et al., 1978a) . Correction of the depth reading was not necessary except for a few tracks, in which the site of penetration was too close to the cruciate sulcus. Histological examination proved that if the range of error is allowed to be 100 um (bin width in the depth distribution histograms in this series of papers), correction of the depth reading was unnecessary when the direction of microelectrode was carefully adjusted during the experiment. The laminar boundaries were examined on the cortical tissue sections. The layer divisions in the depth distribution histograms (Figs. 2, 3 , and 5) were given with the guide of anatomical studies (cf. STRICK and STERLING, 1974) .
The position of stimulating electrodes in the cerebral peduncle was verified histologically.
RESULTS

Monitoring DCR and intensities of EPICS
For the purpose of stimulating a small spot on the cortical surface, relatively weak pulse currents were routinely used while measuring their intensities throughout the experiment. DCR could serve as a physiological monitor to adjust the Japanese Journal of Physiology   VERTICAL   SPREAD  OF CORTICAL  ACTIVITY  197 stimulus intensities during the recording period. In Fig. 1A , the DCR is evoked by single pulses with different intensities, as indicated on the left of each trace. The initial negative wave (DCR-N) or superficial response of ADRIAN (1936) increases its amplitude with the increase of stimulus, and attains its maximum at a stimulus of 230 ,uA. The DCR-N is followed by a positive potential (DCR-P) or Adrian's deep response. DCR-P appears as a conspicuous positive deflection in response to relatively intense stimuli (230 and 530 ,uA) , but a trace of DCR-P may be detected even to a weak stimulus of 65 µA, assuming that DCR-N masks P wave. As has been demonstrated earlier (cf. ADRIAN, 1936; CHANG, 1951) and will be described in detail in the following paper (EZURE and OsHIMA, 1985a) , a positive component wave in DCR appears earlier than DCR-N when EPICS is applied distantly more than 2 mm from the recording site. It is conceivable that some DCR-P coexists with DCR-N to near EPICS, being masked by the latter. Since this masked DCR-P component was not measurable, we chose the following convenient way. The falling phase of a pure DCR-N to weak stimulation (45 ,uA) was approximated to be an exponential decay with a time constant of 9.2 msec. Emerging DCR-Ps are then illustrated in the traces of Fig. 1 A as the areas which intervene between the calculated dotted Vol. 35, No. 2, 1985 On the basis of these stimulus-response curves, two categories of stimulus intensity were used to describe the properties of intracellular responses. One is a "weak" intensity range that evokes only the initial DCR-N (marked with a range S1 in Fig. 1B) . The other is an "intense" range eliciting DCR-N at its maximum (230 µA) down to its half amplitude (84 ,uA) accompanying clearly positive DCR-P component (range S2 in Fig. 1B) . Stimuli in the latter category or more intensified stimuli elicited later negative and positive potentials following the initial DCR-N and P. These later component waves were not systematically examined in this paper.
During a long routine recording session, the threshold current to evoke DCR-N varied considerably. This variation was intensively tested in six experiments. Current thresholds ranged in 11-40 ,uA for DCR-N (mean and S.D., 17± 10 µA) and 15-70 ,uA for DCR-P (45±20 ,uA). Currents that evoked the half of maximum DCR-N were 70-270 ,uA (120±70 PA), and those for the maximum DCR-N were 230-600 ,uA (360±120 ,uA). Variations in these currents were perhaps caused by unstable conditions due to the stimulating electrode lightly touching the cortical surface.
Cell sampling and general remarks on neuronal responses
We sampled as many neurons as possible from all the microelectrode penetrations. A total of 607 cells were recorded with the resting membrane potential ranging between -30 and -80 mV. The depth distribution of recording from the somas of these cells is illustrated in Fig. 2A . The majority of the sample was obtained in the upper half of the cortex, being perhaps biased by the factors of cell size and population density (INUBUSHI et al., 1978a; EZURE and OSHIMA, 1981a) . Twenty-two of 607 cells (U in Fig. 2A ) exhibited no significant responses to EPICS. The other 585 cells including 42 PT cells (stippled columns in Fig. 2A ) and 543 non-PT cells (open columns) were responsive and subjected to the following analysis.
With the above-described stimulus intensities, the neuronal responses were either the direct excitation of cell membrane or possibly the antidromic excitation along the intracortical axon branches, excitatory postsynaptic potential (EPSP), inhibitory postsynaptic potential (IPSP), decrease of background EPSPs (disfacilitation, DF), decrease of IPSPs (disinhibition, DI), or combined activities of these potentials. The direct or intracortical axonal excitation was elicited with no appreciable latencies in several neurons. Its occurrence was rare and not encountered in most other neurons. Usual response patterns were the combined EPSPs and IPSPs in various temporal orders.
An example is illustrated by a non-PT lamina IIIb cell in Fig. 2B -E. A weak EPICS (intensity, 0.4 mA; see DCR in Fig. 2B-1 ) produced a small shortlatency EPSP (Fig. 2B-2 , open-headed arrow) on the background resting potential level with occasional spontaneous unitary EPSPs. In this case the EPICS was applied through the paired electrodes closely set on the cortical surface. With the cathode closest to the microelectrode the EPSP in Fig. 1B-2 was elicited. When the polarity of stimulating electrodes was reversed at the intensity of 0.6 mA, the short-latency EPSP was followed by a small IPSP (arrow in Fig. 2C ). The DCR in Fig. 2C (upper trace) indicates addition of a small fraction of P to N wave (cf. DCR-N purely evoked in Fig. 2B-1 ). Further increases of stimulus intensity (1.0 mA in Fig. 2D , 1.5 mA in Fig. 2E ) bring about a conspicuous series of the initial EPSP and subsequent IPSP with other late potentials ( Fig. 2D , E).
Stimuli categorized "weak" in this study produced only EPSPs in about 40 % of the tested neurons (incidence, 43/102). As illustrated by an example in Fig. 2B , these EPSPs were small. Neurons responsive to weak EPICS were located in relatively superficial layers (Fig. 3A , open columns), compared with unresponsive cells (59/102) located rather deeply (Fig. 3A , hatched columns). The elicited EPSPs showed latencies of 0.7-3.1 msec (mean and S.D., 1.65± Vol. 35, No. 2, 1985 0.63 msec). The collected sample was too small to detect a significant relation of the latency to the depth of recording. With the stimuli "intense" enough to evoke DCR-P, IPSPs were produced in many cells with or without earlier or later appearing EPSPs (Figs. 2C-E, 4, 9,13). All the sampled cells responded with EPSPs, IPSPs, or both in sequence, so that their classifications could be made by the initial sequence of these two type potentials. The cells with initial EPSPs were the great majority of the sample (489/585, 84%) and those with initial IPSPs were the minority (96/585, 16%) ( Fig. 3B) . However, the majority of second responses were IPSPs (289/585, 49 %), and EPSPs were in the minority (159/585, 27%) (Fig. 3C ). Some cells showed no second postsynaptic potentials (PSPs) (137/585, 24%). The excitatory or inhibitory nature of PSPs was assessed by means of changing the membrane potential level by injecting current steps or by spontaneous fluctuations.
Some examples are illustrated in Fig. 4 . In Fig. 4A , a short-latency EPSP (2) with some indications of composite nature are evoked in a lamina II cell by an intense EPICS (a vertical arrow in the DCR trace 1). With the slow sweep records (5) only a small hyperpolarizing response (IPSP) follows the initial EPSP.
Repetitive five pulse stimuli are tested to show sustained depolarizing effects of initial EPSPs ( Fig. 4B-2 , 5). The so-called "occlusion" of DCR-N wave (Ocxs and BOOKER, 1961; PHILLis and OCHS, 1971 ) is illustrated by the traces in response to the second to fifth pulse stimuli ( (ARIKuNI and Ocxs, 1973) . These EPSPs perhaps of dendritic origin will be examined later in more details. In Fig. 4C , another lamina II cell exhibits EPSPs with clear double peaks (2, 5). The second peak (2, indicated by an arrow) approximately corresponds to the second negative wave in DCR (1, arrow).
In Fig. 4D , a lamina IIIa cell shows a small or almost negligible initial EPSP (indicated by an arrow in 2, cf. the extracellular record in 3), followed by a large IPSP. The initial large IPSP is illustrated in another lamina IIIa cell in Fig. 4E , being followed by a late fluctuating EPSP (2).
The initial EPSP followed by a hyperpolarizing response is again illustrated in a lamina VI fast PT cell of Fig. 4F -2. This hyperpolarization is deepened when the resting potential is spontaneously shifted to a more hyperpolarized level, as illustrated in two traces marked by an arrow in Fig. 4F-2 . This is an indication of DF, which will be identified by full analysis in a later section.
All these examples in Figs PSPs induced by EPICS. Attempts will be made to analyze some early components of these potentials in the present study. By combining the initial and second PSPs, four types of response could be classified: 1) E(+E) type for the EPSPs with single or multiple peaks but without trace of IPSPs (Fig. 4C) ; 2) E+I type for the EPSP followed by IPSP (Figs. 2C-E, 4A , B, D); 3) I(+I) type for the IPSPs with single or multiple peaks but without EPSP components; and 4) I+E type for the IPSP followed by EPSP (Fig. 4E) . The first and second PSPs showed latencies ranging between 0.6 and 15 msec. Following these responses there were usually late complexes consisting of either EPSPs, IPSPs, DF, or DI. These late responses occurred with latencies of 7-40 msec. The present analysis was made on these initial and late sequences of responses, but was not extended on further late events possibly occurring at 40 msec or more after the intense EPICS. Descriptions will begin below with the first and second PSPs.
Depth distribution of cells with classified responses
The responsive 585 cells were classified into the above-defined cell groups. Depth distributions of these cells are illustrated in several histograms in Figs. 3 and 5, to reveal topographic characters. Figure 3B shows a distribution of the first EPSPs (E, open columns) or IPSPs (I, filled columns). The cells with EPSPs distribute through all the laminae 1-VI, whereas those with IPSPs are located mainly in the middle layer corresponding to the upper half of lamina III (IIIa). In Fig. 3C , either cells with second IPSPs (filled columns), second EPSPs (open columns), or no appreciable second responses (U, hatched columns) distribute through all the layers.
In Fig. 5A -D, four different combinations of first and second PSPs are illustrated with depth distribution histograms. E(+E) type cells (221/585) distribute from the laminae II through VI with double modes at II and V-VI (Fig. 5A) . E+I type cells (268/585) are present rather evenly through all the layers (Fig. SB) . I(+I) (50/585) and I+E type cells (46/585) are both similarly located from the laminae III through VI with a mode at IIIa.
Mixed type responses, E+I and I+E, were further examined to determine which of the responses is dominant over the other. EPSP(E)-or IPSP(I)-dominancy was determined in each cell by comparing the amplitudes of two responses at the level of resting or polarized membrane potential ranging between -50 and -70 mV . For example, E-dominant E+I type cells are illustrated in Figs. 2D, E and 4A, and I-dominant E+I or I+E type cells are exemplified in Fig. 4D and E. This classification could be made in 444 cells with high resting potentials according to the E-or I-dominancy plus either pure response. One includes the type E(+E) and E-dominant E+I and I+E cells ( Properties of PSPs 1. Latencies. Latencies of the first and second EPSPs or IPSPs varied considerably among neurons, but appeared to be more prolonged in deep than in superficial layer cells in accord with a general concept of physical spread of activity originating superficially. In order to quantify this tendency, we measured the latency of EPSP and IPSP in each cell so as to give its minimal value in at least ten individual traces of the responses to intense EPICS or their averaged record with reference to the record taken during current injections or at the extracellular space (cf. Figs. 2, 4, 9, 10, 13).
In Fig. 6A the latency of first EPSP is plotted against the recorded depth of each cell. A general tendency of increase in the latency toward the depths may be seen. The correlation coefficient (r) is not very large (0.470), but highly significant (p<0.001). As a whole sample illustrated in the upper frequency distribution histogram of Fig. 6C , these latencies give a range of 0.6-5.1 msec (n=489) and a mean of 1.53 msec (S.D., ±0.60 msec). The majority of cells, even if located in some deep layers, would be excited monosynaptically.
As illustrated in Fig. 6B , C (lower histogram), the second EPSPs evoked after the first EPSPs or IPSPs showed latencies in di-or polysynaptic range as long as 1.1-14.6 msec (mean and S.D., 3.6±1.9 msec; n=159). Dependence of the latency upon the depth was very low (r=0.179) but not negligible (p<0.05). Figure 7 illustrates the latencies of first and second IPSPs with the depth relationship (Fig. 7A, B) and frequency distribution histograms (Fig. 7C) . The Vol. 35, No. 2, 1985 latency of first IPSPs ranges between 0.8 and 8.0 msec (mean and S.D., 2.2±1.2 msec; n=96), being perhaps of di-or oligo-synaptic origin for most IPSPs except for only a small population in the monosynaptic range (Fig. 7C) . The latency of second IPSPs was 1.0-12.1 msec (3.6+1.7 msec; n=289), and revealed mainly di-or oligo-synaptic origin. The shortest latency range of both first and second IPSPs corresponds to the middle layer in the depth of 0.4-0.7 mm (Fig. 7A, B ).
Japanese Journal of Physiology A significant correlation was found in that the latencies become a little longer in deep than in superficial layer cells for both the first (r=0.438; p<0.001) and second IPSPs (r=0.304, p<0.001).
In Fig. 7D four regression lines are equated for the first and second EPSPs and IPSPs, respectively. As revealed in the slope of these lines, the regression coefficients for EPSPs (1st, 0.73; 2nd, 0.92) are smaller than those for IPSPs (1st, 2.0; 2nd, 1.5). This difference would indicate that a quick means of transmission such as the electrotonic spread is involved in the vertical spread of EPSPs (see below).
2. Configuration of PSPs. Time courses of the first EPSPs and IPSPs differed considerably among neurons (Figs. 2, 4 ). An attempt to quantify the time from onset to peak in these responses was made in the selected samples which showed smoothly rising configuration of either EPSPs or IPSPs. The time thus measured would represent an index of either the electrotonic spread from the dendritic site of synapses to the intra-somatic recording position or the transsynaptic spread via the neuronal relays producing the successive complex peaks of response fused into a smooth configuration. In the measurement, the latter factor was excluded as far as possible by rejecting the PSPs with multiple peaks, but perhaps could not be well differentiated from the former in many records. With this reservation Fig. 8A illustrates the time to peak versus depth relationship for EPSPs. The peak tends to be delayed more in deep than superficial layers (r= 0.633; p<0.001). The time to peak ranged widely from 1.0 to 8.2 msec. On Vol. 35, No. 2, 1985 the other hand, IPSPs with variable times to peak (range, 1.0-8.5 msec) showed no significant correlation to the depth ( Fig. 8B; r=0 .188, p>0.1).
In clear contrast to the fast rising EPSPs in the superficial or middle layer cells, those of deep layer cells including fast and slow PT cells showed slowly rising EPSPs (Fig. 8A) . As a total sample of first EPSPs there was a significant correlation between the time to peak and the latency ( Fig. 8C; r=0 .410, p< 0.001), suggesting a trend that the EPSPs with slower time courses are produced via more synaptic relays. However, the slow-rising EPSPs in deep layer cells often show the latency of 0.7-1.2 msec sufficiently in the monosynaptic range (Fig. 6A) . Their origin at remote dendrites and electrotonic spread to the soma are thus suggested. This interpretation will be fully tested in the next section.
Besides the data illustrated for the first IPSPs in Fig. 8B and polysynaptic range of the latency (Fig. 7A) there was a significant correlation between the time to peak and the latency ( Fig. 8D; r=0 .518, p<0.001).
It is suggested that the IPSPs with prolonged time courses are produced via more synaptic relays, but not due to the factor of dendritec spread. This interpretation may be in good agreement for the vertical spread of inhibitory actions with more gradients in the Japanese Journal of Physiology (Fig. 7D) . 3. EPSPs of dendritic origin. EPSPs of dendritic origin have been identified in some mammalian central neurons by their amplitudes insensitive to the change of membrane potential produced by current injections through the intra-somatic recording microelectrode (TsUKAHARA and KosAKA, 1968; TSUKAHARA et al., 1975; ALLEN et al., 1977) . We made the same test for the slowly rising EPSPs recorded from deep layer cortical neurons.
In Fig. 9A a slowly rising EPSP elicited by a weak EPICS (45 uA) is illustrated in a non-PT lamina V cell. With a more intense stimulus (Fig. 9D, 70 µA) this slow EPSP becomes more conspicuous. By further increases of stimulus intensity (Fig. 9G, 95 zA; Fig. 9J, 160 uA) the amplitude of EPSP is increased with late IPSP (indicated by arrows) added on the falling phase of EPSP. Through these increases of stimuli the configuration of the EPSP at its rising phase is well reserved (Fig. 9A, D, G, J) .
Effects of changes in the membrane potential were intensively examined in this cell. In Fig. l0A a polygraphic record is illustrated for the time scale (1), ECoG (2), and membrane potentials of the cell (3) during applying current steps Measurements on each EPSP were made for its amplitude and the membrane potential level just preceding EPICS. These values are plotted with different symbols in Fig. 11 . Three clusters encircled by different lines (B-D) correspond to the conditions illustrated in Fig. 1OB-D , respectively. The remaining cluster E in Fig. 11 includes the sample recorded during application of + 1 nA current step as for cluster D, when all the EPSPs fired the cell. Amplitudes of these EPSPs in cluster E were measured at the foot of action potentials as indicated by a horizontal arrow in a specimen record in Fig. IOD . Mean values and S.D.s of the two parameters were calculated for each of the clusters, B-D, as illustrated by two crossing bars in Fig. 11 . In spite of considerable shifts of the membrane potential by the current injections as large as several mV in either direction, mean amplitudes of the EPSPs through clusters B-D were nearly the same. This insensitiveness suggests a dendritic origin of the EPSPs.
However, Fig. 11 also reveals that within the cluster B or C, the amplitude of EPSPs sensitively changes according to spontaneous fluctuation of the membrane potential in the manner that it increases on the membrane hyperpolarization and decreases on the depolarization. The correlation coefficients between the amplitude of EPSP and the membrane potential are -0.541 (n=10, 0.1< p<O.2) and -0.698 (n=20, p<O.001) for the clusters B and C, respectively.
More varying levels of the membrane potential were spontaneously obtained Japanese Journal of Physiology The same cell as illustrated in Figs. 9-11 . B illustrates a model neuron with dendrites in a situation of intrasomatic recording while EPICS (ST) produces EPSP at remote dendrites. In a diagram, EPSP (shaded area) and spontaneously occurring PSPs (thick solid line) are transiently combined into a net change of potential, Vd above resting potential, Kr. Vd is attenuated with a single factor a to VS at the soma.
VS is observed as a sum of d x and yo (EPSP), and Vd is thus multiplied by a at the dendrites. In C, VS is plotted as (Xr+dx, yo) with a filled circle on a solid straight line determined in A, and Vd should then be positioned as (X +a • Ax, a •Yo) on a chain line that represents a x-y relationship at the dendrites in parallel with the solid line at the soma. Further explanation appears in text. DF and DI were all preceded either by the initial EPSP, IPSP, or EPSP-IPSP sequence. For example, DF could be detected in the cell illustrated in Figs. 9-12 with the following procedure. In Fig. 9 , where the stimulus is gradedly increased from top to bottom rows, the fast (Fig. 9A, D , G, J) and slow sweep records (Fig. 9B , E, H, K) show the first EPSP, a subsequent small IPSP (indicated by oblique arrows in Fig. 9G , J, and K), and a phase of further prolonged membrane hyperpolarization (Fig. 9E, H, K) . During passage of a hyperpolarizing current of -1 nA (Fig. 9C, F, I , L), this small second IPSP is almost masked by the falling phase of the first EPSP (Fig. 9L) , while the amplitude of first EPSP is not much changed, as described previously. The late hyperpolarizing response is then increased (Fig. 9F, I , L). This increase is small, but clear enough to appear in the averaged traces (i, l) compared to those at the resting potential level (h, k). This hyperpolarizing response is thus identified to be DF.
Since the first EPSP shows no appreciable changes in the amplitude during the current injection (Figs. 9-11 ), the increase of DF by hyperpolarizing currents suggests that excitatory bombardments to be deleted by DF have different origins from those of EPSPs elicited by EPICS. Actually, this is proved by the different behaviors of the first EPSP and a subsequent DF during spontaneous fluctuation of the membrane potential. As has been illustrated (Fig. 12) , the EPSP increased with spontaneous membrane hyperpolarization and decreased with membrane depolarization during a highly synchronized ECoG pattern. The DF then often became small, when the spontaneous membrane hyperpolarization was large enough to exceed a membrane potential level of -70 mV.
This decrease of DF can naturally be explained by a decreased level of the excitatory bombardments to be deleted. It has occurred beforehand, as expressed by the spontaneous membrane hyperpolarization. Meanwhile, the excitatory "cortical tonus" has been found in deep layer cells as the level of excitatory bombardments during a spontaneous sleep-waking cycle (EZURE and OsHIMA, 1981a, b) . This excitatory input would originate from the afferent pathways other than those projecting toward the superficial cortical layers (EZURE and OSHIMA, 1981c) .
DF was generally small, and its identification required careful examinations, as mentioned above. However, it was revealed rather often in many of the cells tested by current injections. These cells included seven fast PT cells but no slow PT cells. The depth distribution of these cells tended to be in the deep layers (hatched columns in Fig. 5F ), compared to the cells which revealed late EPSP or IPSP but no DF or DI (see below) as the dominant response (open and filled columns). DI was observed as a late depolarizing response in four of 87 tested neurons. Specimen records averaged for ten traces are illustrated in Fig. 13 , where comparison is made between the preceding IPSP (Fig. 13A ) and subsequent DI (Fig.  13B ). At the resting potential level of about -65 mV, the IPSP (4 in Fig. 13A ) is followed by small or often no appreciable depolarizing response (4 in Fig. 13B ; see also Fig. 5 in EZURE and OsHIMA, 1985b) . The membrane depolarization by injected currents (2) or spontaneously occurring (3) increases the IPSP as a hyperpolarizing potential (Fig. 13A ) and a late depolarizing response (2, 3 in Fig.  13B ). The membrane hyperpolarization decreases (5) or reverses (6) the IPSP and the late response in the polarity opposite to each other (Fig. 13A, B) . The Vol. 35, No. 2, 1985 amplitude and polarity of the IPSP and a subsequent DI thus identified were measured in each record from the base line given by the extracellular records (7 in Fig. 13A, B) at the times indicated by two vertical broken lines in Fig. 13B . Plottings in Fig. 13C show that a negative correlation between the IPSP and DI is highly significant (r=-0.934, p<0.001), and their opposite polarities are held in most instances. DI was a rather rare event in cortical neurons, though its identification was easy because the membrane potential could be changed by small currents around the level of equilibrium for the IPSP. The four cells with responses involving DI as a late dominant response were located in relatively deep layers (stippled columns in Fig. 5F ).
Neither DF nor DI as a late dominant response could be induced in the superficial layer cells of 0.1-0.7 mm depths (Fig. 5F ). Instead, late EPSP (open columns) or IPSP (filled columns) occurred frequently. However, these observations do not exclude the possibility of DF and DI occurring in the superficial layer cells. They might be produced in a more delayed time domain or by more intensified or repetitive EPICS. At the present stage of analysis on the relatively short-latency events under the moderate single stimuli, it can only be said that DF and DI are more easily detectable in deep than in superficial layer cells.
The late responses, as a whole, show characteristic depth distributions ( Fig.  5F ) : EPSP in the superficial to deep layers with the modes at laminae II and V-VI, IPSP mainly in lamina III, DF and DI in the lower half of lamina III (IIIb) down to V-VI. Latencies of these responses were measured only in some cells with reasonable accuracy, being as long as 7-40 msec. The whole time courses covered 30-100 msec or more after single EPICS.
DISCUSSION
Characteristics of EPICS-evoked responses. The mode of vertical spread of activity from the superficial to deep cortical layers has been analyzed with the intracellular responses to single EPICS. The results revealed complicated pat-, terns of EPSPs, IPSPs, DF, and DI. However, these responses indicate the following characteristics : 1) The primary response to EPICS is mainly synaptic excitation. Superficial layer cells naturally respond with EPSPs most easily even to relatively weak stimuli that evoke only DCR-N wave (Fig. 3A) , and mainly with monosynaptic EPSPs to intense stimuli (Fig. 6A, C) . Some deep layer cells can also respond with monosynaptic EPSPs through the synapses on the dendrites located superficially (Figs. 6A, 9-12 ). The linear relationship between the time to peak of EPSPs and the depth (Fig. 8A) suggests that the length of apical dendrites is one of the factors which determine the delay in the rising time of EPSPs. This mode of spread yields the EPSPs sensitive to the varying level of the membrane po-tential by the dendritic synaptic inputs (see below) but not to the current injection into the soma (Figs. 9-11) . These data could also be taken as evidence for the genesis of DCR-N waves by the EPSPs evoked in the neuronal elements of the superficial layers such as cell somas and dendrites (see below).
2) The first mono-or disynaptic inhibition occurs mainly in lamina III cells (Figs. 5C, D, 7A ). In lamina III many of the cells show the IPSP as a dominant response (Figs. 4D, 5E ) with the latency of mainly di-or oligo-synaptic transmission range (Fig. 7) . In the following papers (EZURE and OsHIMA, 1985a, c) it will be suggested that these IPSPs are transmitted mainly via the inhibitory neurons located in laminae II-IIIa, but not via the neurons intervening in the recurrent inhibitory pathway (cf. PHILLIPS, 1956 (cf. PHILLIPS, , 1959 STEFANIS and JASPER, 1964a, b; GAITER et al., 1978) . In particular, monosynaptic IPSPs in some cells (Fig. 7A , C) must have been produced via the superficial layer cells directly activated by EPICS.
3) The late secondary or tertiary responses consist of polysynaptic EPSPs, IPSPs, DF, or DI (Fig. 5F ). The latter two responses occur mainly in deep layer cells (Figs. 4F, 5F , 9, 13). Many cells through laminae II-VI show polysynaptic late EPSPs and IPSPs with depth distributions characterized similarly to the PSPs of the initial sequence (Fig. 5) .
To sum up in a diagram of Fig. 14 , the vertically directed dendritic electrotonic spread of excitation (indicated by a hollow arrow) and the cascade transmissions of four different responses (hatched arrow) occur as the main streams of activity spread from the superficial to deep layers. The neurons of interneuron type (INI-3 in Fig. 14) may participate in the cascade transmissions according to their excitatory or inhibitory nature. The pyramidal neurons (P1-4) may receive direct excitatory actions in the superficial layers, and the time course of EPSPs recorded from the somas may be slowed down according to the length of the main dendritic shafts (Fig. 8A) . Some pyramidal cells (P 4 in Fig. 14) also receive the cascading impulses, participating in the two modes of transmissions. The cascade pattern is indicated by the increase of response repertoire even in single neurons (cf . Figs. 9,13 ). The response time courses are thus prolonged via more synapses as well as by electrotonic spread along dendrites (Fig. 8) .
The pattern of dendritic spread may cause argument as to the EPSPs sensitive to spontaneously varying membrane potentials (Figs. 11, 12) , because an apparent value of the equilibrium potential for the EPSPs is estimated far below the value usually adopted between 0 and -20 mV. Two factors would contribute to this peculiar equilibrium. Firstly, the excitatory inputs that spontaneously fluctuate the membrane potential may synapse on the dendrites very close to the synapses excited by EPICS. When the dendritic membrane is more depolarized by spontaneous EPSPs, the accompanying decrease of the membrane conductance may reduce more effectively the amplitude of superimposed epicortical-induced EPSPs.
Secondly, the attenuation in the electrotonic spread of membrane responses from the dendrites to the soma may account for the peculiar level of equilibrium for dendritic EPSPs. In Fig. 12B a simple theoretical model is given. Assume with an inset figure that the resting potential is the same at the soma and the dendrites (Xr) and that a net voltage change at the dendrites, Vd, including both the EPSP evoked by EPICS (ST) and the potential fluctuating spontaneously by the synaptic inputs to the dendrites, is attenuated by a single factor (a) along the dendritic shaft to VS at the soma. Then, the observed linear x-y equation (expressed by a solid line in Fig. 12C ) has the same slope as that in an assumed x-y equation at the dendrites (chain line, see legend in Fig. 12 ). The attenuation factor (Vd/VS) could be calculated as (Xr-Xe)/(Xr-Xy,o).
Since Xr is given as the mean resting potential of -68.8 mV (n=35) and Xy=O is determined as --47.6 mV, the attenuation factor is 2.3 for Xe= -20 mV or 3.2 for Xe=0 mV. These values are not far apart from a theoretical calculation attempted earlier on the attenuation from the major branch point of dendrites (MBP in Fig. 12B ) (JACOBSON and POLLEN, 1968; see also RALL and RINZEL, 1973) . The attenuation factor of 2.3-3.2 calculated for this particular cell should be corrected more or less by the first factor of the interaction in membrane conductance. This effect would be small, if the tonic excitatory bombardments originate from the afferents other than the inputs through the superficial layers (EZURE and OSHIMA, 1981a, b) . However, it is tentative at this stage of experimental study as to whether this estimation can be adopted as a reasonable method.
Japanese Journal of Physiology The characteristic activity spread during EPICS will be discussed below from the aspects of 1) relevant anatomical microstructures of the cerebral cortex, 2) the earlier physiological data concerning the neuronal connections, and 3) a functional state of cortical arousal that has been postulated to be initiated by the cascade transmissions (INUBUSHI et a!., 1978a, b; EZURE and OSHIMA,1981c) .
Anatomical structures. According to recent morphological studies, we can nominate the neuronal elements which are to be stimulated in the present experimental condition. These are the axons running horizontally a few millimeters through lamina I and reaching in the vertical direction only the lamina II and the upper part of lamina III (RAMON Y CAJAL, 1892 , 1911 FISKEN et al., 1975; GATTER and POWELL, 1978) . These axons are roughly of three origins (SHOLL, 1956; JONES and POWELL, 1970; SZENTAGOTHAI, 1970 SZENTAGOTHAI, , 1975 SZENTAGOTHAI, , 1978a . One originates from the cortical neurons which exist underneath the stimulated site and project axons or a part of their collaterals up to the lamina I, that is, horizontal cells in lamina I, some stellate and pyramidal cells of laminae II-VI, and Martinotti cells. The second is the axon branches reaching laminae I-II from other regions of the ipsi-and contralateral cerebral cortex (association and callosal fibers). The third is the axons from the subcortical structures such as a part of specific thalamocortical and other nonspecific afferent fibers. In addition to these axons of three categories, some superficially located neurons may be subjected to direct excitation.
The excitatory nature of most axons that terminate on target neurons or dendrites within the superficial layers has been assumed from the structure of synapses with asymmetric membrane contacts and round vesicles (COLONNIER, 1968; SZENTAGOTHAI, 1978b) . This assumption would be in good agreement with the present finding that almost all of the primary monosynaptic responses were EPSPs except for a few cases (Figs. 3A, 5A-D, 6, 7) . The rare monosynaptic IPSPs could be attributed to the direct excitation of some inhibitory superficial layer cells with their targets onto the middle layer cells.
The vertical downward transmission has its counterpart in the vertical neuronal relays postulated since RAMON Y CAJAL (1892). Vertical axon trajectories of neurons in the middle and deep layers are actually bidirectional SZENTAGOTHAI, 1978b) . Therefore, the one-way transmission through the bidirectional neuronal relay must depend on the initial site of excitation and the mechanisms such as refractoriness or inhibition with which the excited cells are depressed so as to prevent re-excitation by impulses directed in the reverse way. In fact, many cortical neurons responding to EPICS exhibit the second IPSPs as the dominant response with short latencies (Figs. 3C, 7B, C) .
The short-latency EPSPs were recorded in many deep layer cells with a slow time course (Figs. 6A, 9, l0) . Their dendritec origin postulated by the present analysis has a structural basis (cf. SZENTAGOTHAI, 1978b) . Therefore, the anatomical data would support the present physiological evidence for the two lines of vertical downward transmissions (Fig. 14) , one cascading through the neuronal relays which accompany the increase of response repertoire and the other electrotonically through the dendritic compartments to the deeply located pyramidal cell somas.
Relevant physiological studies. Since ADRIAN (1936) there have been numerous studies on the DCR and related single cell responses to EPICS. Many of these earlier studies, particularly those with the microelectrode, were carried out using deeply anesthetized animals, and cell sampling was limited to largesized pyramidal neurons mostly located in deep layers. Therefore, a variety of responses in all the layer cells under unanesthetized conditions were not encountered in these studies. With this reservation, however, many earlier interpretations on the DCR and related cellular responses have helped simplify clarification of the integrative and dynamic organization of complicated responses.
For example, DCR-N, the superficial response of ADRIAN (1936) or the dendritic potential of CHANG (1951), has been interpreted as the field potentials originating from EPSPs that occur in the neuronal elements of the superficial cortical layers (ECCLES, 1951; LI and CHOU, 1962; SUGAYA et al., 1964; CREUTZFELDT et al., 1966; YAMAMOTO and KAWAI, 1967; ARIKUNI and OCHS, 1973) . It has also been suggested that the axons or their collaterals of stellate and pyramidal cells contribute as a component of superficial horizontal fibers to the generation of DCR-N (SUZUKI and OCHS, 1964; OCHS and SUZUKI, 1965) . Supporting evidence was found in our recordings of the EPSPs with relatively fast time courses from the somas of laminae I-II cells (Fig. 8A ) and of the EPSPs of dendritic origin with slow time courses from relatively deep layer cells . It has also been demonstrated since ADRIAN (1936) that the weak stimuli produce only DCR-N with no motor effects. In good agreement with this finding we showed most deep layer cells as unresponsive to the weak EPICS (Fig. 3A) , assuming that these deep layer cells are mainly responsible for eliciting motor effects. Good agreement was obtained as well between an earlier sampling of extracellular units (PHILLIS and OOHS, 1971) and ours in registering the overall dominance of first excitatory responses through all the cortical layers.
Microphysiological analyses replaced DCR studies in 1970s. Intracortical synaptic connections and their properties have since been investigated by means of either single unit recordings during the intracortical microstimulation (ASA-NUMA and ROSEN, 1973; DESCHENES, 1977; ZARZECKI et al., 1978) or correlation analyses of the potentials in two units (ASANUMA and ROSEN, 1973; RENAUD and KELLY, 1974; TOYAMA et al., 1981) . Interneurons that transmit excitation or inhibition to the output projecting neurons such as PT cells have thus been identified. The following aspects will be relevant to the present study : 1) Spread of monosynaptic connections between the cortical layers was examined as a part of the study by ASANUMA and ROSEN (1973) . Since a weak intracortical microstimulation in lamina I produced no PSPs in the surrounding neurons, there was no correlate for the excitation we found in laminae I-II cells to EPICS. It is perhaps because the microstimulation was not sufficiently intense to excite those neurons. Their findings of a spatially limited spread of monosynaptic PSPs from laminae II and III and its dominance in the descending direction could fill up the gap of unrevealed interneuronal relays in our study.
2) With the cross-correlation analysis RENAUD and KELLY (1974) found a specific group of neurons (I-type neurons in their definition) which inhibited PT cells and other surrounding neurons. Most of these neurons were inhibited by EPICS. This would imply that at least some PT cells should receive DI. We sampled four deep layer cells exhibiting DI, but no PT cells of this type. The discrepancy between these two studies does not seem essentially important, and could be explained by the differences in the experimental conditions and in the intensity of EPICS. In the study by RENAUD and KELLY (1974) the preparation was anesthetized by pentobarbital and the stimuli applied would have been strong enough to activate the recurrent inhibitory pathways. Actually most PT cells they sampled showed inhibitory response to EPICS. By contrast, our unanesthetized encephale isole preparation should have maintained high activity and responsibility of small-sized cortical neurons around the stimulated site, and the adopted stimuli were too weak to fully activate the deeply situated inhibitory pathways (Figs. 3, 5, 9; cf. EZURE and OSHIMA,1985c) .
Possible relations to cortical arousal. There have been a number of studies in which the cortical and behavioral arousal is induced by repetitive EPICS to various regions of the cerebral cortex (SEGUNDO et al., 1955a, b; FANGEL and KAADA, 1960; KAADA and JOHANNESSEN, 1960; URSIN et al., 1967; WILCOTT and HOEL, 1973; VALE et al., 1976) . In initiating the present study it seemed attractive to relate these observations directly to the assumption that the "arousal" circuit postulated earlier for the initial phasic phase (INUBUsHI et al., 1978b; EZURE and OSHIMA, 1981c) was driven into action by repetitive EPICS. Of course, the cortically driven EEG and behavioral arousal could have become generalized through re-activation of the ascending reticular activating system by the corticofugal impulses generated by EPICS (cf. FRENCH et al., 1955; MAGOUN, 1958; URSIN et al., 1967; WILCOTT and HOEL, 1973; SHAMMAH-LAGNADO et al., 1983) . However, it may be legitimate to ask if a region confined around the stimulated site is driven into the arousal state. For example, a state of readiness in phasic arousal is represented by fast PT cells subjected to DF (INUBUsHI et al., 1978b; EZURE and OSHIMA, 1981a) . A similar state of depression has been observed in the PT cells of putative fast group during repetitive EPICS (BRANCH and MARTIN, 1958) .
In reveiwing the present results with single EPICS, the characteristic depth distributions of EPSP, IPSP, DF, and DI are in good agreement with those during the phasic EEG arousal (INUBUsHI et al., 1978b) . Fast PT cells could reveal DF by EPICS as in the phasic arousal. DI was observed in deep layer cells, but not K. EZURE, M. OGURI, and T. OSHIMA frequently during both the EPICS and phasic EEG arousal (INUBUSHI et al., 1978b; EZURE and OSHIMA, 1981c) . There is therefore good reason to pursue this line of comparison. More detailed analysis will be dealt with in a separate paper (EzuRE and O5HIMA, 1985b) , after registering in the next paper (EZURE and OsHIMA, 1985a ) the neuronal responses recorded laterally to the stimulated site on the cortex and thus summarizing the patterns of response spread in both the vertical and horizontal directions.
